The main objectives of this study were to test: (1) whether the W-chromosome differentiation matches to species' evolutionary divergence (phylogenetic concordance) and (2) whether sex chromosomes share a common ancestor within a congeneric group. The monophyletic genus Triportheus (Characiformes, Triportheidae) was the model group for this study. All species in this genus so far analyzed have ZW sex chromosome system, where the Z is always the largest chromosome of the karyotype, whereas the W chromosome is highly variable ranging from almost homomorphic to highly heteromorphic. We applied conventional and molecular cytogenetic approaches including C-banding, ribosomal DNA mapping, comparative genomic hybridization (CGH) and cross-species whole chromosome painting (WCP) to test our questions. We developed Z-and W-chromosome paints from T. auritus for cross-species WCP and performed CGH in a representative species (T. signatus) to decipher level of homologies and rates of differentiation of W chromosomes. Our study revealed that the ZW sex chromosome system had a common origin, showing highly conserved Z chromosomes and remarkably divergent W chromosomes. Notably, the W chromosomes have evolved to different shapes and sequence contents within~15-25 Myr of divergence time. Such differentiation highlights a dynamic process of W-chromosome evolution within congeneric species of Triportheus.
INTRODUCTION
Sex chromosomes are thought to have evolved from an autosomal pair when a sex-determining region or locus evolves on one of the homologs (Bull, 1983; Charlesworth, 1991) . Interaction of sexdetermining region or locus with sexually antagonistic polymorphisms maintained in linked genes is thought to have favored recombination suppression between the nascent sex chromosomes (Bachtrog, 2006) and the subsequent acquisition of neutral and deleterious mutations (genetic degeneration), amplification of repetitive DNA sequences and heterochromatinization of the sex-specific chromosome (Charlesworth et al., 2005; Bachtrog, 2006) . Therefore, differences in size and gene content can be found among the sex chromosomes, in which the Y (or W) may undergo variable degrees of degeneration (Graves, 2006) .
Here we study sex chromosome evolution in a fish genus. In teleost fishes, although most species lack heteromorphic sex chromosomes, a variety of sex chromosome systems including simple and multiple ones can be found in some species (Devlin and Nagahama, 2002; Cioffi et al., 2011) . Among the ∼ 10% of teleost fish species studied that have detectably heteromorphic sex chromosomes, most have female heterogamety (Devlin and Nagahama, 2002) . We studied one such group, the genus Triportheus (Characiformes, Triportheidae) with ZW sex chromosomes in 12 species so far analyzed. The Z is a metacentric chromosome, the largest one in the karyotype, whereas the W is always smaller than the Z, and varies in size and morphology among species (Bertollo and Cavallaro, 1992; Sánchez and Jorge, 1999; Artoni et al., 2001; Artoni and Bertollo, 2002; Nirchio et al., 2007; Diniz et al., 2008; Yano et al., 2014 Yano et al., , 2016 . Besides, the W chromosome is rich in heterochromatin and carries an 18S ribosomal DNA (rDNA) site on its long arms (Artoni and Bertollo, 2002; Nirchio et al., 2007; Diniz et al., 2009; Marquioni et al., 2013; Yano et al., 2014; Schmid et al., 2016) . Recently, a molecular phylogeny of the Triportheidae family was introduced based on the 16S rRNA and cytochrome b (CytB) mitochondrial genes, and on the recombination activating gene 1 (Rag1), recombination activating gene 2 (Rag2) and myosin heavy chain 6 cardiac muscle-α (Myh6) nuclear genes (Mariguela et al., 2016) . According to this study, Triportheus represent a monophyletic group originated at 26.2 ± 6.5 Myr, in which T. auritus is a direct representative of the first lineage that differentiated in the genus at 20.7 ± 6.5 Myr, and correspond to a sister group to all Triportheus species (Mariguela et al., 2016) , as demonstrated in the phylogenetic tree ( Figure 1 ).
Molecular cytogenetics provides valuable tools and insights for comparative genomics research and has emerged as promising for understanding genome evolution and organization. In particular, whole chromosome painting (WCP) and comparative genomic hybridization (CGH) have been effective methods for the identification and characterization of sex chromosomes, tracking their origin and evolution among various taxa (Traut et al., 1999; Phillips et al., 2001; Ezaz et al., 2005; Henning et al., 2008; Ráb et al., 2008; Cioffi et al., 2013; Pazian et al., 2013; Symonová et al., 2015) . However, the effectiveness of CGH technique can be limited to identify nascent sex chromosomes with very small sex-specific sequences, as demonstrated in the iguana Oplurus fierinensis (Altmanová et al., 2016) .
In a diversity of organisms, heterochromatinization, accompanied by amplification of tandem repeats, represents an important step in the morphological differentiation of simple sex chromosome systems, especially in the ZW ones (Nanda et al., 2000; Kondo et al., 2004; Marchal et al., 2004; Peichel et al., 2004; Charlesworth et al., 2005; Ezaz et al., 2009; Kejnovský et al., 2009) . Same type of studies provided evidence that rDNA cistrons can also occur on the sex chromosomes of distinct organisms (see, for example, Goodpasture and Bloom, 1975; Schmid et al., 1983; Yonenaga-Yassuda et al., 1983; Morielle and Varella-Garcia, 1988; Cioffi et al., 2010) . In this sense, the detection of the heterochromatin by C-banding procedures, as well as the mapping of rDNA repeats, represent helpful approaches for sex chromosome identification and characterization.
Here we compared sex chromosomes of eight species from Triportheus genus using multiple molecular and conventional cytogenetic tools, such as C-banding to detect heterochromatin, rDNA mapping, CGH and WCP to characterize regions of homology between the Z and W chromosomes, which we assume represent the ancestral state, as well as the size of the W-specific region. Our study confirmed that the Z chromosomes are highly conserved and revealed remarkably divergent W-chromosome shapes and sequence content. 
MATERIALS AND METHODS

Fish species and sample collection
Chromosome preparations and C-banding
Mitotic chromosomes were obtained as described in Bertollo et al. (2015) . Briefly, the animals were treated with an aqueous solution of colchicine for 50-60 min, anesthetized and killed, and the chromosomal preparations were obtained from cells of the anterior kidney. The C-positive heterochromatin was detected using barium hydroxide according to Sumner (1972) .
Chromosome microdissection, probe preparation and fluorescence in situ hybridization (FISH) Fifteen copies of the Z and 20 copies of the W chromosomes from T. auritus were microdissected, as it corresponds to a sister group to all Triportheus species (Mariguela et al., 2016) and harbors the largest W chromosome. The chromosomes were manually microdissected and pooled before amplifying by degenerate oligonucleotide primed-PCR, following the protocol described in Telenius et al. (1992) . Chromosome paints were prepared following Yang et al. (2009) . The Z probes were labeled via PCR with SpectrumOrange-dUTP (Vysis, Downers Grove, IL, USA) and the W probes with SpectrumGreen-dUTP (Vysis) in a 30-cycle label PCR with degenerate oligonucleotide primer using 1 μl of the primary degenerate oligonucleotide primed-PCR products as template DNA (Yang et al., 2009 ). 18S and 5S rDNA probes were obtained according to Cioffi et al. (2009) and Martins et al. (2006) , respectively. The 18S rDNA probe was labeled with Cyanine 5-dUTP, whereas 5S rDNA was labeled with Spectrum Green-dUTP using nick-translation method (Roche, Mannheim, Germany). Figure 1 Adapted phylogenetic tree for the Triportheus genus, based on the phylogenetic data generated by Mariguela et al. (2016) , with the respective C-banded Z and W chromosomes evidencing the divergence in the size of the latter. Besides the species analyzed in this study, T. venezuelensis and T. angulatus (indicated in asterisks) were also included. Note that T. auritus, which corresponds to a sister group to all Triportheus species, carries the larger W chromosome, whereas T. albus has the smaller one compared with its congeneric species.
Three-color FISH for WCP
Cytogenetic preparations of males and females of the eight mentioned Triportheus species were used for a three-color FISH experiment, combining microdissected Z and W chromosomes, together with 18S rDNA probe, according to Yang et al. (2009) . As commercial salmon sperm blocking DNA (Sigma-Aldrich, St Louis, MO, USA) was not sufficient to block the hybridization of high-copy repeat sequences, therefore, Cot1-DNA directly isolated from T. auritus female genome (prepared according to Zwick et al., 1997) was used instead. Hybridization was performed for 16-18 h at 37°C in a moist chamber. After hybridization, the slides were washed for 5 min with 1 × SSC at 65°C, and in 4 × SSC/Tween using a shaker at room temperature and then rinsed quickly in 1 × phosphate-buffered saline. Subsequently, the slides were dehydrated again in an ethanol series (70, 85 and 100%) for 2 min each. After complete drying of the slides, the chromosomes were counterstained with DAPI/Antifading (1.2 mg ml − 1 , Vector Laboratories, Burlingame, CA, USA).
Preparation of probes for CGH
The CGH experiments were performed in T. signatus, representing a species with one of the smallest W chromosomes found among Triportheus species. The female genomic DNA (gDNA) was labeled with digoxigenin-11-dUTP using DIG-nick-translation Mix (Roche), and the male gDNA was labeled with biotin-16-dUTP using BIO-nick-translation Mix (Roche), in which 1 μg of gDNA was used, each. Hybridization mixture for one slide (25-30 μl) was composed of 1 μg of labeled male gDNA, 1 μg of labeled female gDNA and 50 μg of sonicated salmon sperm blocking DNA (Sigma-Aldrich).
FISH for CGH
The CGH experiments followed the methodology described by Symonová et al. (2015) . The hybridization signal was detected using a solution composed of anti-digoxigenin-fluorescein isothiocyanate (Roche) diluted in 0.5% bovine serum albumin in phosphate-buffered saline, and streptavidin-CY3 (Invitrogen Life Technologies, San Diego, CA, USA) diluted in phosphate-buffered saline containing 10% normal goat serum. The slides were then washed 4 times in 4 × SSC and 0.01% Tween, 7 min each at 42°C. After complete drying, the chromosomes were counterstained and mounted in antifade containing 1.5 μg ml − 1 DAPI (Cambio, Cambridge, UK).
Two-color FISH with 18S and 5S rDNA probes
18S and 5S rDNA sequences were mapped on female chromosome preparations of T. signatus species, following the protocol described in Marquioni et al. (2013) . For this experiment, the 18S and 5S rDNA probes were labeled with SpectrumOrange-dUTP and SpectrumGreen-dUTP, respectively, using nicktranslation method (Roche).
Microscopic analyses
At least 20 metaphase spreads were analyzed per individual to confirm the diploid chromosome numbers, karyotype structure and FISH results. Images were captured by the CoolSNAP system software, Image Pro Plus, 4.1 (Media Cybernetics, Silver Spring, MD, USA), coupled to an Olympus BX50 microscope (Olympus Corporation, Ishikawa, Japan).
RESULTS
C-banding and rDNA mapping C-positive heterochromatin was consistently localized in the centromeric regions of autosome pairs (data not shown). The Z chromosomes have additional heterochromatin in one or both telomeric regions, depending on the species, whereas the W chromosomes were almost entirely heterochromatic, except for the p arms in all species (Figure 1 ), in agreement with previous studies (Artoni and Bertollo, 2002; Diniz et al., 2009; Yano et al., 2014) . The two-color FISH with 18S and 5S rDNA showed that both sites are colocalized on the p arms of the chromosome pair 3 in T. signatus, with an 18S rDNA additional site adjacent to the Wq telomere (Figure 2 ).
Comparative genomic hybridization CGH using male and female gDNA probes developed from T. signatus identified Z-and W-specific sequences. In females, all chromosomes except the W, stained equally with these probes. The female gDNA probe painted the whole W chromosome, with a very bright signal on most of the Wq, as well as the telomeric region of both Z chromosome arms. In addition, the p arms of pair 3 also showed an extensive homology with the Wq region. With the male gDNA probe, the W chromosome showed signals on Wp and the proximal region of Wq. The merged images revealed that sequences from both sexes are shared on Wp and the proximal region of the Wq arms, whereas female-specific sequences are concentrated in the terminal region of the Wq (Figure 2 ).
Sex chromosome paint preparation and cross-species sex chromosome painting The quality of both Z-and W-chromosome paints was validated by mapping them back onto T. auritus metaphase spreads with salmon sperm DNA and T. auritus female-specific Cot1-DNA as suppressor. The probe mixed with salmon sperm DNA produced nonspecific signals (data not shown), whereas 5 μg μl − 1 of T. auritus femalespecific Cot1-DNA was sufficient to block nonspecific signals, giving clear hybridization signals on Z and W chromosomes, and identifying probes that are largely or completely Z or W specific (Figures 3 and 4) .
Together with the Z and W probes, an additional 18S rDNA probe was used in a three-color FISH experiment to clearly identify the W chromosome in the metaphase plates, as the W chromosome carries a huge 18S rDNA cistron in the Wq arms of all Triportheus species. The Z probe from T. auritus completely painted the Z chromosome of all other species. The W chromosome of this species also displayed fluorescence signals in the p arms, but there were remarkable differences among species, with only T. guenteri, T. nematurus and T. albus showing strong hybridization signals across the whole Wp. A major part of the Wq arms was also painted with the Z probe in all species, with the exception of T. aff. rotundatus and pantanensis (Figures 3 and 4) .
A high level of homology was found for the W chromosome among species, but with different hybridization patterns (Figures 3 and 4) . Using the W probes, the W chromosome was homogeneously painted along its entire length in all species, except for the Wq telomeric region and the centromeric region of T. aff. rotundatus and T. pantanensis (Figures 3 and 4) . In all species, the W probe also painted the Z chromosome in the centromeric and telomeric regions of the p arms, with the exception of T. auritus, in which only the telomeric region was painted (Figures 3 and 4) . As the whole chromosome painting experiments were performed using a T. auritus female Cot1-DNA as a competitor, the W-specific region (terminal part of the q arms) was thus blocked and did not hybridize. Accordingly, on the euchromatic Z chromosome, only the centromere (a highly repetitive region) and the ancestral homologous region (terminal part of the p arms) were painted with the W probe, with the exception of the centromeric region of the Z chromosome of T. auritus that was also blocked or suppressed (Figure 4 ).
DISCUSSION
Our study demonstrated that the ZW sex chromosome system in Triportheus had a common origin, considering the homology found in all species using the Z-and W-chromosome probes from T. auritus; however, the W chromosomes have undergone rapid discordant differentiation, as differential hybridization patterns were verified for these chromosomes in WCP experiments. In fact, the W chromosomes display a differential molecular composition, size and morphology among species despite their evolutionary relationships, highlighting the dynamic process that shapes the differentiation of the sex chromosomes. In addition, our study provided molecular cytogenetic evidence of the chromosomal rearrangement involving rDNA locus, highlighting its probable role in the evolution of the sex chromosomes by facilitating the reduced recombination and the subsequent accumulation of repetitive sequences on the W chromosome that ultimately led the evolution of highly differentiated sex chromosomes within this congeneric group.
Chromosomal rearrangements and sex chromosome differentiation
It is clear that size reduction and accumulation of heterochromatin are events that are associated with the differentiation of the W chromosome within Triportheus species (Figure 1) . However, CGH and WCP experiments were able to clarify additional details on this evolutionary pathway. In fact, both techniques were critical to demonstrate the sequences that are still shared by both sex chromosomes or, otherwise, that those are more exclusive to one of them. Noteworthy, it was evidenced that the end of the Wq has a high concentration of female-specific sequences (Figures 2-4) , where an 18S rDNA cluster is also located in all Triportheus species so far analyzed (Artoni and Evolution of sex chromosomes in congeneric species CF Yano et al Bertollo, 2002; Nirchio et al., 2007; Diniz et al., 2009; Marquioni et al., 2013; Yano et al., 2014) . Sex chromosomes carrying 18S rDNA sequences have already been reported in several other vertebrates, such as Characidium fishes (Scacchetti et al., 2015) , cane toad Bufo marinus (Abramyan et al., 2009) , Chinese softshell turtle Pelodiscus sinensis (Kawai et al., 2007) and tiger snake Notechis scutatus (O'Meally et al., 2010) . However, the Triportheus case deserves further considerations because of the unusual and particular location of these sequences that do not occur in both homologs of the sex pair (only on the W chromosome) and in some autosomes.
Unusually, the Triportheus sex chromosomes do not have 18S rDNA sequences on both homologs, but they are present only on the W chromosome. A huge 18S rDNA block is also located on the p arms of the third chromosome pair in all Triportheus species. Besides, in some species additional 18S rDNA sites are verified in other autosomes (Yano et al., submitted) . The 18S rDNA region of the third chromosome also showed high homology with the Wq, in our CGH experiments, suggesting that either part of the 18S rDNA block was transposed from the W chromosome to the 3p arms or vice versa. Evidence for an 18S rDNA cluster in the telomeric region of the Figure 3 Cross-species chromosome painting using W-chromosome (green) and Z-chromosome (red) probes, both obtained from T. auritus, together with an 18S rDNA probe (yellow) in a three-color FISH experiment. The sex chromosomes are highlighted in boxes. Note the location of 18S rDNA sequences on the telomeric Wq. The additional 18S rDNA sites located on autosomes are not shown. Bar, 5 μm. A full color version of this figure is available at the Heredity journal online.
Evolution of sex chromosomes in congeneric species
CF Yano et al Z chromosome was reported in T. venezuelensis and T. angulatus (Nirchio et al., 2007; Marquioni et al., 2013) that represent two of the most recently derived species, as their lineage originated at 5.2 ± 2.3 and 2.6 ± 1.4 Myr, respectively (Mariguela et al., 2016) . Considering the fact that most species, including those originated from older Triportheus lineages, do not show an 18S rDNA cluster on the Z chromosome, it is more plausible to assume that these sequences were firstly translocated onto W and latter transposed from the W to the Z chromosome in T. venezuelensis and T. angulatus in independent events. However, an alternative scenario in which these sequences were originally carried on both sex chromosomes, and that their present distribution reflects subsequent loss from the Z in some species, cannot be fully excluded.
It is tempting to speculate that maintenance and amplification of the rDNA sites on the W chromosome might have promoted reduced recombination between the ZW pair (see Figure 5 ). It has been proposed that polymorphisms in the rDNA locus in Salvelinus species may have acted in a similar way to limit crossing over near the sex locus (Reed and Phillips, 1997) . Besides 18S rDNA, the W chromosome of Triportheus is rich in other repetitive DNA classes, as evidenced by the variable accumulation of microsatellites and U2 snDNA Yano et al., submitted) . Therefore, we cannot rule out the possible involvement of distinct classes of repetitive DNA sequences in the differentiation process of W chromosome. Our WCP and CGH experiments clearly demonstrate that much of the Wq is a W-specific region (Figures 2-4) , but that differentiation of the W chromosome morphology, associated with heterochromatinization, and probably with degeneration, evolved independently in different Triportheus lineages ( Figure 5 ). These changes are specific to the W chromosome, whereas other chromosomes, including Z, remain similar in the Triportheus species so far analyzed, supporting the monophyletic status of this genus, but indicating that the female-specific sex chromosome is subject to particular evolutionary forces not shared by other chromosomes. Moreover, as the sex-specific chromosome can experience different evolutionary forces, parameters like effective population size and sexual selection may also affect how the recombination suppression evolves (Graves, 2006; Bachtrog et al., 2011) , even among closely related species as in the Triportheus case.
Common origin of the ZW sex system in Triportheus and differentiation of the W chromosome The Triportheidae has four other genera, including Lignobrycon, in which L. myersi represents the only species currently described and Figure 4 Hybridization patterns on the sex chromosomes of Triportheus species using Z-and W-chromosome probes. (a) Note that the sex chromosomes showed evident FISH signals with both Z and W probes, although with a variable pattern among species. In (b), the diagrams explaining the observed hybridization patterns, taking account of the use of Cot11-DNA from a female of T. auritus as a competitor. The W-specific regions (terminal part of the q arms) were thus blocked and did not hybridize. Accordingly, on the euchromatic Z chromosome, only the centromeric highly repetitive region and the ancestral homologous region (terminal part of the p arms) were painted with the W probe. In (c), ZW chromosomes after CGH experiments performed in T. signatus are highlighted.
corresponds to the sister group of all other Triportheidae species (Mariguela et al., 2016) . Recent analyses indicate a similar ZW sex chromosome system in L. myersi (Rodrigues et al., 2016) , suggesting an early origin of the ZW system in the family, an unusual situation among fishes, where sex chromosomes have evolved independently among congeneric species, or even within the same species .
The molecular divergence, demonstrated by cross-species WCP, and the variable morphological forms, underlines the process shaping the evolution of the sex-specific chromosome in Triportheus. Rapid degeneration of recently formed Y chromosomes has been demonstrated in Drosophila (Bachtrog et al., 2008) and sticklebacks (Peichel et al., 2001) . However, there are few empirical data for W chromosomes. The data presented here suggest that the W chromosomes of Triportheus have evolved during a relative short (~15-25 Myr) divergence time (phylogenetic data from Mariguela et al., 2016) , displaying different genomic composition in terms of repetitive DNA sequences, size, and morphology among species, including accumulation of microsatellites, transposable elements and rDNAs on the W chromosomes (Yano et al., 2014) , like the situation in the W chromosomes of pyralid moths (Vítková et al., 2007) .
The current situation in Triportheus resembles the sex chromosome evolution in other taxa, such as birds and snakes. In primitive ratite birds, the W chromosome is almost the same size as the Z (Shetty et al., 1999) , and this may represent the ancestral condition from which other bird W chromosomes have evolved (Ferguson-Smith, 2007) . Similarly, T. auritus, the earliest branching extant Triportheus species (Mariguela et al., 2016) , has the largest W chromosome, with a size comparable to the Z (Figure 1 ). However, we detect no correlation between the size reduction of the W chromosome and the divergence time between Triportheus species (Figure 1) . Similarly, various bird species also show variations in the morphology of the W chromosome, but no clear pattern of gradual reduction in size over time (Rutkowska et al., 2012) .
CONCLUSIONS
Overall, our study provides evidence for the common origin of a sex chromosome system within a congeneric group that corresponds to an uncommon event among fish species, even among closely related ones, where independent evolution is more common. It is also remarkable that rapid differentiation of the sex-specific chromosome occurred in size, shape and sequence content, likely favored by recombination reduction between the sex pair in view of the maintenance and amplification of specific genome sequences in the W chromosome. Our study provides a unique opportunity for fine-scale analysis of sex chromosome sequences in this group through sequencing and sequence analysis of microdissected sex chromosomes that will assist in discovering novel sex-determining genes and mechanisms of sex chromosome evolution in vertebrates in general.
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